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Abstract 
Objective: 
 Interoceptive fear learning and generalization have been hypothesized to play a key role in 
unexplained abdominal and esophageal pain in patients suffering from functional gastrointestinal 
disorders (FGID). However, there is no experimental evidence demonstrating that fear learning and 
generalization to visceral sensations can be established in humans and alter visceral perception. 
Methods: 
 In a novel fear learning-generalization paradigm, an innocuous esophageal balloon distension served 
as conditioned stimulus (CS) and distensions at three different pressure levels around the pain 
detection threshold were used as generalization stimuli. During fear learning, the CS was paired with 
a painful electrical stimulus (unconditioned stimulus, US) in the conditioning group (N= 30), whereas 
in the control group (N= 30) the US was delivered alone. Prior to and after fear learning, visceral 
perception thresholds for first sensation, discomfort and pain, and visceral discrimination sensitivity 
were assessed.  
Results:  
Fear learning was established in the conditioning group only (potentiated eye blink startle to the CS 
(t(464.06) = 3.17, p = .002)) and fear generalization to other stimulus intensities was observed 
(t(469.12) = 2.97, p = .003; ; t(464.29) = 4.17, p < .001). The thresholds for first sensation habituated 
in the control group, whereas it remained constant in the conditioning group (F(1,43) = 9.77, p = 
.003). 
Conclusion: 
 These data show that fear learning using visceral stimuli induces fear generalization and influences 
visceral perception. These findings support the idea that in FGID, fear learning and generalization can 
foster gastrointestinal-specific anxiety and contribute to visceral hypersensitivity. 
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1. Introduction  
Associative fear learning and generalization are crucial processes for adaptive behavior, but they may 
also play a key role in the development of chronic pain disorders (1), as well as panic and anxiety 
disorders (2,3). During fear learning, a ‘neutral’ stimulus (conditioned stimulus, CS e.g., tone) is 
paired with an aversive stimulus (unconditioned stimulus, US; e.g., painful electrical stimulus). Over 
time, and by virtue of its signaling function, the CS acquires motivational properties, and starts 
eliciting a conditioned response (e.g., fear responses), also in the absence of the US.  However, when 
the CS does not predict pain, such motivational properties are associated with the context instead of 
the CS, and contextual rather than cued fear is observed (i.e., increased fear responses during inter-
stimulus interval (ISI)) (4,5). In many studies, fear is indexed by a potentiated startle eye blink reflex, 
as the amplitude of the corresponding EMG signal is greater when the subcortical defensive fear 
network is activated (5,6). Fear generalization refers to the spreading of fear responses to stimuli 
that resemble the CS (generalization stimuli, GSs), although they were never paired with the US. The 
typical generalization gradient is a decline in conditioned response as similarity between the CS and 
GS decreases, although the opposite (i.e., increase in response strength as similarity with the CS 
decreases) has been observed when GSs vary in intensity such as the loudness of a tone or the 
brightness of a light (7,8). During the past decades, the effect of these learning processes on behavior 
has been extensively studied (8), but their effect on perception has received far less attention, 
especially in the context of pain and visceral pain in particular.  
In functional gastrointestinal disorders (FGID) such as irritable bowel syndrome gastrointestinal 
symptom-specific anxiety is a prominent feature, which is assumed to develop through fear learning 
processes (9,10). According to Labus (2007) gastrointestinal symptom-specific anxiety is “the 
cognitive, affective, and behavioral response stemming from fear of gastro-intestinal sensations, 
symptoms, and the context in which these visceral sensations and symptoms occur”. Such GI-specific 
anxiety may in turn play a key role in the development of visceral hypersensitivity (i.e., increased 
perception of visceral stimuli), another prominent feature of functional gastrointestinal disorders 
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(9,11–13). Fear learning has been found to influence detection (14) and pain thresholds (15) using 
exteroceptive stimuli as CS (i.e., odors, facial expressions). In addition, experimental work has 
demonstrated that fear learning induces alterations in perceptual discrimination of exteroceptive 
stimuli (14,16–18). In both animals and humans, associative fear learning decreased auditory 
discrimination for tones similar to the CS (16–18). Interestingly, impaired discrimination of bodily 
sensations has been reported in chronic pain disorders (19–22), and preliminary intervention studies 
on perceptual discrimination training (e.g., tactile acuity training) in chronic pain patients found a 
close relation between discrimination and pain reductions (23–25). In line, fear learning-induced 
discrimination impairments have been suggested as pathogenic mechanisms in chronic pain (1).  
However, to the best of our knowledge, fear learning to visceral sensations and potential effects on 
visceral perception have never been experimentally studied, despite the high prevalence and 
substantial impact of these poorly understood functional gastrointestinal disorders.  
In this study, we investigated fear learning and generalization towards visceral sensations and 
potential effects on visceral perception, including perceptual discrimination (i.e., the ability to 
distinguish between different levels of a perceptual dimension such as color, pitch, or pressure which 
may directly onto a physical dimension or may be created by the perceptual system (26)) and 
perceptual thresholds in a healthy population. We developed a novel pain-relevant fear conditioning 
paradigm using esophageal balloon distension as CS and GSs and painful electrical stimuli as US. We 
expected fear learning to the CS (increased startle amplitudes during the CS relative to the ISI) in the 
conditioning group (CS paired to US) and contextual fear (increased startle amplitudes during the ISI 
relative to the CS) in the control group (US-only) due to the relatively unpredictable nature of the US 
in the latter group. Furthermore, we expected fear generalization across the GSs in the conditioning 
group. That is, we expected fear responses to increase along the intensity dimension of the GSs only 
after fear learning to the CS, but not after contextual conditioning. As such, the paradigm allows to 
test whether eventual changes in visceral perception originate only and specifically following cued 
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fear learning to a visceral sensation. Furthermore, fear learning was expected to impair 
discrimination acuity and to influence perception thresholds in the conditioning group only.  
 
2. Methods and Materials 
2.1. Participants 
From the 72 healthy recruited adult volunteers, 60 completed the entire experiment. Reasons for 
early termination were (i) intolerance of the esophageal probe (N= 5), (ii) hypersensitivity (N= 3) or 
(iii) hyposensitivity (N= 4) to the balloon distensions. We defined hypersensitivity as a difference < 3 
pound-force per square inch (PSI) between the perception and pain threshold, and hyposensitivity as 
a pain threshold above the maximal pressure (see pre-conditioning determination of thresholds). 
Exclusion criteria were a history or current state of psychiatric, gastro-intestinal, neurological, 
cardiovascular, chronic pain disorders or abdominal or thoracic surgery. All participants provided 
their written informed consent. The study was approved by the Medical Ethical Committee of the 
University Hospitals Leuven. Participants were randomly allocated to one of the two groups 
(conditioning group, and control group, both N = 30). Age (t(58) = -.658, p = .513) and sex (χ2(1, N = 
60) = 0.635, p = .426) (conditioning group: 20 female, 10 male; mean age: 21.9; control group: 17 
female, 13 male; mean age: 21.5) did not differ between groups. Data were collected within a time 
period of 6 months (May – December2013) (for more details see supplementary information (SI)). 
 
2.2. Apparatus and experimental stimuli 
2.2.1. Electrical stimulation 
 Electrical stimulation levels were determined for each individual using the Ascending Methods of 
Limits approach (27). The stimulus was applied to the dorsal end of the ulna at the left wrist using a 
commercially available electric stimulation device (Constant Current Stimulator, model DS7A; 
Digitimer©, Hertfordshire, UK) delivering a train of thirty 2ms monopolar square waveform pulses via 
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two surface electrodes (V91-01, 8mm, Coulbourn©) filled with K–Y gel. Pain intensities rated as 8 on a 
visual analogue scale ranging from 0 (= no pain) to 10 (= most imaginable pain) served as US. The 
average stimulation intensity was 9.07 mA (SD = 3.21) for the conditioning group and 9.14 mA (SD = 
3.32) for the control group with no significant difference between groups (t(58) = .083, p = .934). 
Prior to each conditioning block, participants’ pain threshold was recalibrated if necessary to ensure 
constant pain levels throughout the experiment. 
 
2.2.2. Esophageal stimulation 
A pediatric 2.7mm feeding tube (TR-2008, Pennine©) with a deflated custom-made medical balloon 
(25mm, Medasil©) attached to the end was inserted trans-nasally with the balloon reaching the 
distal, autonomically innervated part of the esophagus, approximately 35cm from the nostril. The 
extracorporeal part of the tube was draped over the ear and attached with adhesive tape to prevent 
it from moving. This procedure has been used extensively in previous research (28,29). A custom-
made inflation pump (Medical Physics department, Salford Royal NHS Foundation Trust) with a 
digital display was used to inflate the balloons. The inflation time was set at 250ms and the dwell 
time at 0s, therefore the esophageal stimuli had a duration of + 250ms (inflation + deflation time).  
 
2.2.3. Startle probe 
The startle probe was a 50 ms burst of white noise with a peak of 105dB(A) presented binaurally 
through headphones (Sennheiser, HD418). 
 
2.2.4. Self-report questionnaires 
The following self-report questionnaires were administered: the State-Trait Anxiety Inventory (STAI-S 
(Cronbach’s alpha (α) = .852, score-ranges: 38), STAI-T (α = .766, score-ranges: 33) (30) to assess state 
and trait anxiety levels; the Fear of Pain Questionnaire (FPQ-III (α = .886, score-ranges: 61)) (31) for 
the assessment of pain-related fear; the Positive and Negative Affect Scale (PANAS (PA: α = .842, 
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score-ranges: 32, NA: α = .778, score-ranges: 25)) (32) a measure of positive and negative affect; the 
Anxiety Sensitivity Index (ASI (α = .712, score-ranges: 32)) (33) to assess the fear of anxiety-related 
sensations; the Interoceptive Awareness Questionnaire (IAQ (attention: α = .657, score-ranges: 23, 
awareness: α = .774, score-ranges: 30)) (34) for assessing attention to and awareness of 
interoceptive stimuli and the Visceral Sensitivity Index (VSI (α = .89, score-ranges: 70)) (35) to 
measure gastrointestinal symptom-specific anxiety (see Table 1).  
 
2.3. Procedure 
Upon arrival, participants read and signed the informed consent form.  Next, as part of a larger study, 
a 6 min ECG-recording was performed (for more details see SI). Then, trained medical personnel 
inserted the esophageal probe. Once habituated to the esophageal probe, participants were 
familiarized with the esophageal stimuli. Despite the unpleasant nature of the probe insertion, most 
participants habituated within a few minutes (i.e. they reported they barely perceived the deflated 
probe anymore). During familiarization to the esophageal stimuli, balloon pressures gradually 
increased until pain was reported. Thus, prior to the determination of thresholds participants already 
experienced a distension-induced sensation of visceral pain. The actual experiment consisted of 
three main phases comprising 4 tasks: a pre-conditioning phase consisting of the determination of 
thresholds and the discrimination task, the test phase (conditioning and generalization) including the 
discrimination task, and a post-conditioning phase including a second determination of thresholds 
(see Fig. 1).  
 
2.3.1. Pre-conditioning determination of thresholds 
Perceptual thresholds for first perception, first discomfort and first pain were determined using a 
fixed double random staircase method (36). Participants labeled each esophageal stimulus on a 7-
point categorical rating scale (Faint sensation – Sensation - Faint discomfort – Discomfort - Faint pain 
- Pain - Strong pain) using a computer mouse and were instructed to refrain from responding in the 
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absence of a sensation. The scale appeared simultaneously with stimulus onset and was displayed for 
6s (see Fig. 2A). If a stimulus was labeled as strong pain or a pressure of 35 PSI was reached, the 
determination of thresholds ceased for safety reasons. Stimuli were separated by a variable inter-
stimulus interval (ISI, min: 7s, max: 12s) during which a black screen was presented. The average 
pressure of the two lowest intensities labeled as a clear sensation served as CS. The three GSs 
corresponded to the average pressure of the two lowest intensities labeled as faint pain (GS2), and 
this pressure plus (GS3) or minus 2 PSI (GS1) (see Fig. 2B). Note in 7 participants (4 in the conditioning 
group) a difference of 1 PSI instead of 2 PSI was used given the small difference in PSI between pain 
threshold and the report of strong pain, in order to prevent a very painful GS3. The US was only 
calibrated prior to the test phase (see below). 
 
2.3.2. Pre-conditioning discrimination 
EMG electrodes were attached (two below the lower left eyelid and a ground electrode on the 
forehead). During a brief habituation period, participants received twelve startle probes with a 
variable interval (11-27s). Hereafter, four stimuli corresponding to pressures perceived as (i) a clear 
sensation (CS), (ii) faint pain minus 2PSI (GS1), (iii) faint pain (GS2) and (iv) faint pain plus 2 PSI (GS3) 
were each presented 21 times across 3 blocks (7 presentations per block). Participants labeled the 
different stimuli on the categorical scale. Note that participants were unaware of the number of 
different stimuli they received. The mean pressures did not differ between groups (all p values > .05); 
conditioning group: CS = 10.45 (.77), GS1 = 14.23 (.94), GS2 = 16.13 (.95), GS3 = 18.03 (.97); US-only 
group: CS = 10.32 (.59), GS1 = 13.62 (.7), GS2 = 15.48 (.73), GS3 = 17.35 (.77)). The pressure levels for 
the CS and all GSs significantly differed from each other (all p values < .001). Five minute breaks in-
between blocks were included. The trial structure was identical to pre-conditioning determination of 
thresholds, but now startle probes were also administered. In 14% of the trials (N= 12) a probe was 
presented during the inter-stimulus interval (ISI) (2s prior to stimulus onset). In 29% (N= 24) a probe 
was presented 5.5s after stimulus onset, while in the remaining trials only the esophageal stimulus 
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was presented (see Fig. 2A). Trial types were presented in a pseudo-randomized order with the 
restriction of: (i) no more than 1 consecutive trial with a startle probe and (ii) no more than 2 
consecutive trials with the same stimulus. 
 
2.3.3. Test phase 
 This phase consisted of a combined conditioning and generalization part. Stimulation electrodes 
were attached around the ulna of the left wrist and a noxious electrical stimulus (US) was calibrated. 
Participants received the instruction on the screen that they might be able to learn to predict the 
electrical stimulus. This phase was identical to the previous part, with the exception that now each 
block started with a conditioning part consisting of 4 trials. For the conditioning group, the US was 
presented 6s after CS onset (trace conditioning) in 3 out of the 4 CSs (75% reinforcement). The 
control group received an equal amount of USs, but no CSs in 4 so-called 'US-only' trials. In these 
trials the screen remained black and a US was presented at the end of the trial (75%) (Fig. 2A & C). 
During the subsequent generalization part, participants received  the same number of GSs as in pre-
conditioning discrimination. In order to ensure that both groups received the same total number of 
CSs and USs applied across the conditioning and generalization parts, the CS was also presented four 
times in the conditioning group during the generalization part, whereas the control group received 8 
CS and 4 US-only trials (see Supplemental Table 2). During the generalization part, the presentation 
order was pseudo-randomized with to the same restrictions as specified for the pre-conditioning 
phase. 
 
2.3.4. Post-conditioning determination of thresholds 
After removal of the stimulation electrodes, participants performed a second determination of 
thresholds, which was identical to the one at pre-conditioning. 
 
2.4. Measures 
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2.4.1. Orbicularis oculi electromyography 
Orbicularis oculi electromyography activity (EMG) was recorded by three Ag/AgCl electrodes (V91-02, 
4mm, Coulbourn©) according to the guidelines described by Blumenthal (37).  In order to reduce 
inter-electrode resistance, the skin was pretreated with a mild abrasive cream (Inecto). A Coulbourn 
isolated bioamplifier (v75-04) amplified the raw signal with a 13Hz high pass and 500Hz low pass 
bandpass filter. This signal was then rectified and smoothed with a time constant of 20ms (Integrator 
V76-24; Coulbourn©). Startle responses sampled at 1000Hz were recorded starting 200ms prior to 
probe onset until 800ms after probe onset. Startle amplitudes were calculated by subtracting the 
mean baseline value (0-20ms after probe onset) from the peak value found in the 21-175ms time 
window after startle probe onset. Startle responses were visually inspected (offline) for artifacts 
(e.g., spontaneous blinks) and rejected if necessary. Three participants (conditioning group: 1, control 
group: 2) were excluded as more than 30% of their startles were classified as non-responses (i.e., 
non-responders). To reduce inter-individual variation, startle amplitudes were transformed into T-
scores and mean startle amplitudes were calculated. If a mean was based on less than 4 observations 
this was coded as a missing value (8% of the data cells) (38). 
 
2.4.2. Perceptual thresholds 
The threshold for first sensation corresponds to the mean of the two lowest pressures 
labeled as a ‘faint sensation’. Similarly, the threshold for first discomfort is the mean of the two 
lowest pressures labeled as a ‘faint discomfort’ while for the threshold for first pain the category 
‘faint pain’ is used. If participants selected one or more of these labels only once during the 
determination of thresholds procedure, the corresponding pressure was used. When participants 
selected no label this was recorded as a missing value.  
 
2.4.3. Discrimination sensitivity 
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To quantify the discrimination performance (i.e., the ability to perceptually discriminate between the 
CS and the GSs), we calculated P(a) for each subject. P(a) is a non-parametric index of discrimination 
sensitivity for categorical rating scale data (see (39)). It corresponds to the area under the Receiver 
Operating Characteristic (ROC) curve obtained by plotting cumulative response probabilities of a 
‘signal’ to a ‘noise’ stimulus. That is, for each perceptual label of the categorical scale it plots the 
cumulative probability that this label was used for the signal relative to the cumulative probability 
that this label was used for the noise stimulus (see Fig. 5). Probabilities are plotted and calculated on 
a reversed order of the scale starting from strong pain to faint sensation (see (39)). Multiple P(a)’s 
were calculated by changing the stimuli considered as ‘signal’ and as ‘noise'. P(a)GS1, P(a)GS2 and 
P(a)GS3 were calculated with the CS as ‘noise’ and the corresponding GS as ‘signal’. Based on these 
parameters a mean P(a) was calculated. A P(a) of 1 suggest perfect discrimination while a value of .5 
suggest chance performance at discriminating ‘signal’ from ‘noise’. 
 
2.5. Statistical analyses 
Psychophysiological data (startle EMG) were analyzed in a mixed regression model, as they provide a 
powerful and flexible approach to analyze repeated measures data with missing data cells (40–42). 
The categorical predictors Stimulus (ISI / CS / GS1 / GS2 / GS3), Block (Pre-conditioning / Test phase), 
Group (Conditioning / Control) and their interactions were included in the model. An additional level 
for startle responses during the ISI was added to the predictor Stimulus, as startle probes were also 
presented during the ISI. Note that startle responses of the conditioning and generalization trials are 
combined. The random part of the model consisted of a repeated measures effect with a compound 
symmetry covariance structure, which assumes constant variance for each time point and a constant 
covariance between time points. This structure was preferred compared to its best fitting competitor 
(Factor Analytic: First Order) (ΔBIC = 48). The Bayesian information criterion (BIC) is often used to 
compare non-nested models as the conventional likelihood ratio test requires nested models. A ΔBIC 
of more than 10 is considered strong evidence in favor of the model with the lowest BIC (43). 
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Planned contrasts tested whether startle amplitudes for the CS, GS1, GS2 and GS3 relative to ISI 
amplitudes increased across blocks in the conditioning group compared to the control group.  
Both perceptual measures were analyzed using repeated measures ANOVAs with between-subject 
factor Group (Conditioning / Control) and within-subject variables Block (for discrimination sensitivity 
: pre-conditioning / Test phase; for perception thresholds: pre-conditioning / post-conditioning) and 
Type (for discrimination sensitivity: P(a)GS1 / P(a)GS2 /  P(a)GS3; for perception thresholds: sensation / 
discomfort / pain ) and their interactions.  Planned contrasts were created to test, for group 
differences in changes from pre-conditioning to post conditioning for each type of discrimination 
index and perception threshold. Greenhouse-Geiser corrections were performed for violations of 
sphericity when appropriate. Uncorrected degrees of freedom and corrected p’s will be reported 
together with ε. Partial squared éta (ηp²) effect sizes are reported for the ANOVAs and post hoc tests 
with small, medium and large effects corresponding to values of .0099, .0588 and .1379 according to 
Cohen (44). Note no effect sizes are reported for the mixed models and post hoc test within the 
model as these models do not allow for estimation of effect sizes (41). In addition, degrees of 
freedom within these models are differentially estimated compared to regular repeated measures 
ANOVA’s, as rely on the Satterthwaite approximation (45). All contrasts were tested two-tailed 
and post hoc test were corrected for multiple testing using the Bonferroni correction. All data 
analysis was performed using SPSS 20. 
 
3. Results 
3.1. Eye blink startle responses 
There were  main effects of Group (F(1,54.712) = 11.52, p = .001), Block (F(1,474.043) = 36.58, p < 
.001), Stimulus (F(4,471.232) = 6.02, p < .001). The following interactions were significant: Group × 
Block interaction (F(1,474.043) = 14.14, p < .001), Group × Stimulus interaction (F(4,471.232) = 3.73, 
p = .005) and the Group × Block × Stimulus interaction (F(4,471.687) = 4.95, p = .001). The Stimulus × 
Block was not significant (F(4,471.687) = 2.08, p = .083). 
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3.1.1. Fear learning 
Planned contrasts revealed that the conditioning group had an increase in CS amplitudes relative to 
ISI amplitudes from the pre-conditioning to the test phase compared to the control group (Group × 
Block × Stimulus (CS vs. ISI): t(464.06) = 3.17, p = .002). Post hoc tests revealed that in the 
conditioning group startle amplitudes increased from the pre-conditioning to the test phase for the 
CS (t(461.51) = 3.35, p = .002), but not for the ISI (t(459.6) = 1.1, p = .55). The reversed pattern was 
observed for the control group: ISI amplitudes (t(459.6) = 3.76, p < .001), but not CS amplitudes 
(t(474.1) = .38, p > .99) increased from the pre-conditioning to the test phase (Fig. 4). 
 
3.1.2. Fear generalization 
Planned contrasts revealed an increase in startle amplitudes for GS1, GS2 and GS3 relative to ISI 
amplitudes from the pre-conditioning to the test phase was observed in the conditioning group 
compared to the control group (Group × Block × Stimulus (GS1 vs. ISI):  t(469.12) = 2.97, p = .003; 
Group × Block × Stimulus (GS2 vs. ISI):  t(474.72) = 2.15, p = .032; Group × Block × Stimulus (GS3 vs. 
ISI): t(464.29) = 4.17, p < .001). Post hoc tests demonstrated for the conditioning group an increase in 
startle response from pre-conditioning to test phase for GS1 (t(477.96) = 2.99, p = .009) and GS3 
(t(459.6) = 6.48, p < .001), but not for GS2 after correction for multiple testing (t(485.57) = 1.76, p = 
.24). The control group's startle amplitudes did not change from pre-conditioning to test phase for 
any of the GSs (t(476.13) = .3, p > .99; t(485.8) = .02, p > .99; t(476.33) = .68, p > .99) (Fig. 4). 
 
3.2. Perceptual measures 
3.2.1. Perceptual thresholds. 
There was a main effect of Block (F(1,43) = 24.56, p < .001, ηp2 = .363) and of Type (F(2, 86) = 349.17, 
p < .001, ηp2 = .89, ε = .75) but no main effect of Group (F(1,43) = 1.63, p = .21) nor an interaction with 
Block (F(1,43) = .66, p = .42) or Type (F(2,86) = .75, p = .44, ε = .75). There was a significant Block × 
Type interaction (F(2,86) = 9.03, p = .001, ηp2 = .174, ε = .71) as well as a Block × Type × Group 
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interaction (F(2,86) = 3.79, p = .042, ηp2 = .081, ε = .71). Planned contrasts revealed groups differed in 
how their threshold for first sensation changed from the pre- to the post-conditioning phase (Group 
× Block interaction for Type = sensation: F(1,43) = 9.77, p = .003, ηp2 = .185). Only the control group 
showed an increase in threshold for first sensation (F(1,43) = 22.09, p < .001, ηp2 = .339; conditioning 
group: F(1,43) = .05, p > .99). No group differences in thresholds changes from pre- to post-
conditioning were observed for discomfort (Group × Block interaction for Type = discomfort: F(1,43) 
= .08, p = .78) or pain (Group × Block interaction for Type = pain: F(1,43) = .06, p = .81); both groups 
displayed an increase in thresholds for pain ((F(1,43) = 12.32, p = .003, ηp2 = .223; F(1,43) = 14.19, p = 
.002, ηp2 = .248) and discomfort ((F(1,43) = 9.61, p = .009, ηp2 = .183; F(1,43) = 7, p = .033, ηp2 = .14) 
(Fig. 5A & B). 
 
3.2.2. Discrimination sensitivity (P(a)).  
There was a main effect of Block (F(1,58) = 5.91, p = .018, ηp2 = .093) and of Type (F(2, 116) = 194.05, 
p < .001, ηp2 = .77, ε = .72) but no main effect of Group (F(1,58) = .45, p = .51) nor an interaction with 
Block (F(1,58) = .53, p = .47) or Type (F(2,116) = .91, p = .38, ε = .72) or between Block and Type 
(F(2,116) = 1.23, p = .292, ε = .89 ) as well as a the Block × Type × Group interaction (F(2,116) = 1.04, p 
= .35, ε = .89). In line, planned contrasts revealed no group differences on the change of P(a)GS1 
(F(1,58) = .92, p = .34), P(a)GS2 (F(1,58) =  .76, p = .39) and P(a)GS3  (F(1,58) =.01, p = .94) from pre-
conditioning to test phase. However, exploratory post hoc test demonstrated in the conditioning 
group a significant decrease in P(a)GS2 (F(1,58) =  6.78, p = .023, ηp2 = .105) and after correction for 
multiple testing the decrease in P(a)GS1 failed to reach statistical significance (F(1,58) = 4.47, p = . 078, 
ηp
2 = .071) across blocks whereas in the control group no significant changes were observed in P(a)1 
and P(a)2 (F(1,58) = .58, p = .45; F(1,58) = 1.88, p = .18).  
 
 
4. Discussion 
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We developed a novel interoceptive fear conditioning-generalization paradigm to investigate 
whether non-painful visceral sensations can start eliciting fear after an associative learning 
procedure and whether such fear generalizes to more intense non-painful and painful visceral 
stimuli. The combination of a fear learning procedure with a discrimination task and a determination 
of thresholds procedure enabled us to investigate effects of fear learning on several parameters of 
visceral perception, including discrimination sensitivity and perceptual thresholds.  
Our data provide evidence that fear can be learned in response to a visceral CS, as an increase in 
startle eye blink magnitude was observed in the conditioning group after associating the CS with a 
painful US, but not in participants of the control group for whom the CS did not predict the US. 
Startle eye blink potentiation reflects the mobilization of subcortical defense networks (5) and 
relates to activity of the central nucleus of the amygdala (46), a region playing a key role in the 
generation of fear and anxiety responses; startle amplitudes are also known to correlate to changes 
in subjective ratings of emotional valence and arousal (6). In our experiment the adopted CS deviates 
from most conditioning work where relatively neutral CSs are used. However, our CS did not elicit a 
fear response during the pre-conditioning phase and in addition, previous work has demonstrated 
that interoceptive sensations such as loaded breathing, can act as CS and elicit fear only after they 
have been associated with an aversive stimulus (47–49). Therefore, aversive or non-neutral stimuli 
can be used as CSs, provided that they do not elicit an unconditioned response prior to learning.  
The startle potentiation during the ISI in the control group suggests contextual fear conditioning, as 
subjects began to associate the context (black screen) with the US (50) due to the unpredictable 
nature of the US, which fits with previous observations (51). Furthermore, our findings demonstrate 
that fear learning occurred despite a (short) delay between the CS and the US. 
As expected, fear responses generalized towards more intense visceral stimuli, yet in a rather 
atypical pattern (8). Following fear learning to the CS, startle responses first decreased in strength 
from the CS to GS1 and GS2, but the largest increase in fear response was observed for the most 
intense and painful visceral stimuli (GS3). A shift in response strength to more intense stimuli is not 
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atypical per se, as several studies have reported stronger responses for generalization stimuli of a 
greater intensity than the CS (7,8). For example, in the study by Dunsmoor and colleagues (2009) 
generalization stimuli (pictures of faces) differed in their degree of fear expression, suggesting that 
fear can generalize across GSs of increasing aversiveness. However, the initial downward trend for 
GS1 and GS2 render the observed pattern of generalization atypical and suggest that several stimulus 
properties of the GSs  (i.e., similarity to the CS, valence, intensity, preparedness and/or painfulness) 
interact to shape the degree of fear generalization. In addition, the use of GSs with US-characteristics 
(that is, when both the GS3 and the US are painful, although to a different degree and from a 
different modality) makes this an atypical generalization study, and one could question whether the 
concept of generalization is still applicable. However, the observation that no difference in fear 
response were observed between any of the GSs, the CS and the ISI during the pre-conditioning 
phase, suggests that the observed spreading of fear can be interpreted as generalization as these 
stimuli did not inherently elicited a conditioned fear response.  To the best of our knowledge, no 
study has explored fear generalization to bodily sensations or other stimuli around and above the 
pain threshold, despite the clinical potential as often the CS, GSs and the US are within one 
dimension in various pathologies such as visceral pain disorders or even panic disorders (2). Our 
findings suggest that fear to a non-painful visceral sensation can generalize to both non-painful and 
painful visceral sensations.  Obviously, more studies are required to replicate the present finding and 
to investigate the potential interaction of different stimulus properties in depth. 
Next, the influence of fear learning on perception thresholds was assessed. Both groups habituated 
to the esophageal balloon distensions as the thresholds for 1st pain and 1st discomfort increased. 
Given the large number of esophageal stimulations this is not surprising, as habituation has been 
documented following fewer repetitions (52,53). Importantly, such habituation was not observed for 
the threshold of 1st sensation in the conditioning group, while in the control group thresholds 
increased. The observation that group differences were only observed for the threshold most 
proximal to the CS suggests that fear learning countered habituation, as has been found for negative 
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affect in general (53), and presumably also might lower detection thresholds in the absence of 
habituation (14). For example, reduced odor detection thresholds were observed as a result of fear 
learning using relative few trials, suggesting “fear learning-induced hypersensitivity” (14). Our 
findings suggest that associative learning processes can modulate habituation. The functionality of 
habituation is to prevent cortical areas from being “overwhelmed” by redundant information (54), 
whereas associative learning may prevent habituation to occur as fear learning processes are capable 
of updating the emotional relevance of certain information. Repeated exposure to non-painful and 
painful sensations in healthy volunteers has been associated with reduced responses at the level of 
the sensory cortices (55,56) while associative learning processes have been shown to amplify cortical 
responses (57,58). Given the role of the amygdala in the acquisition and expression of fear (59,60) 
and its strong bidirectional connections with primary sensory cortices (61,62), this region might play 
a key role in the moderating effect of fear learning on habituation processes. In line with this 
assumption, Labus and colleagues (2009) demonstrated that in FGID patients habituation following 
repeated exposure to rectal sensations over a 1-year period was associated with a decreased activity 
and functional connectivity within threat-related attentional networks including the amygdala (63). 
Next, a measure of discrimination sensitivity P(a) was calculated according to signal detection theory 
(18). Although we failed to observe a significant block by Group interaction (in contrast to our 
expectations), planned comparisons did reveal medium effect sizes in the conditioning group 
suggesting that the participants’ ability to discriminate between visceral sensations of varying 
intensities might decrease following fear learning. Hence, the non-significant critical group 
comparison might be due to insufficient power to detect these differences for several reasons such 
as (I) sample sizes (II), increased noise in the estimation of p(a) due to habituation processes or (III) 
insufficient sensitivity due to the relative large difference between the CS and the GSs. Therefore, 
future studies may want to address these issues in order to investigate fear learning-induced  
discrimination impairments. The preliminary observation of a reduced ability to discriminate the CS 
from a GS is in line with previous studies using auditory stimuli (16–18). For example, associative 
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learning with monetary rewards and aversive odors as US decreased tone discrimination in humans 
(16,17). In rodents, fear learning increased discrimination thresholds suggesting a reduced tone 
discrimination (18).  
Despite these intriguing findings, some limitations should be acknowledged. The exclusion of hypo- 
and hypersensitive participants may limit the validity of the present findings for such subgroups. 
Another limitation concerns the use of an exteroceptive stimulus as US rather than visceral pain, as 
both have distinct characteristics and are to a certain extent processed differentially within the 
nervous system (28). Furthermore, associating an interoceptive CS and an exteroceptive US may 
involve different learning characteristics compared to associating a CS and US that are both 
interoceptive and involve the same response system (so-called homoreflexive, such as a low intense 
visceral sensation predicting visceral pain). However, an interoceptive US posed several practical 
problems (e.g., strain on the esophagus). Another limitation is that only a low intensity stimulus was 
used as CS. In relation to our atypical fear generalization findings, it would be interesting to 
investigate whether similar findings can be obtained using more intense stimuli as CS. In the present 
study, the choice of a conditioning and control group led to differences in presentation order during 
the conditioning phase and number of startle probes. Further research should check for the potential 
effects of these differences.  
In sum, the present results clearly show that fear can be learned in response to mild visceral 
sensations in a healthy population, and that such fear generalizes towards more intense painful 
visceral stimuli. Although our sample only included healthy volunteers, the present finding provides 
proof of concept that fear learning to innocuous visceral sensations can result in amplified fear 
responses towards more intense, painful bodily sensations which might contribute to an amplified 
perception of pain perception (64,65) in clinical populations such as patients with FGID. In the same 
vein, cognitive-behavioral therapies have emerged that target gastrointestinal specific-anxiety in 
FGID patients through repeated exposure to visceral sensations (9,66,67). These therapies aim to 
extinguish conditioned fear responses to visceral sensations. Ljόtsson and colleagues demonstrated 
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that reductions in gastrointestinal specific-anxiety mediated the therapeutic effect of exposure on 
FGID symptoms (68). However, recent work suggests that also changes in  breathing pattern might 
drive a reduction in visceral pain during exposure or relaxation therapies as breathing-induced 
alterations in parasympatic activity influenced visceral pain hypersensitivity (69). In addition, we 
found fear learning to influence visceral perception thresholds, although the clinical significance of 
the observed perceptual alterations remains to be determined, for example by using similar study 
paradigms in FGID populations. In a context with less repetitions over a longer interval these 
processes might contribute to the development of visceral hypersensitivity (defined as lower 
perception thresholds), which is a key characteristic of FGID and functional esophageal disorders 
(9,12,13). In general, these findings support the idea that gastrointestinal-specific anxiety can 
develop through interoceptive conditioning and may contributes to the development of visceral 
hypersensitivity, and might impair one’s ability to discriminate painful from non-painful visceral 
sensations. Future studies should explore these mechanisms as well as potential differences in fear 
learning and generalization between healthy subjects and patients with pain-predominant FGID 
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Figure Legends 
 
Figure 1. Experimental protocol. Overview of the experimental protocol. The pre-conditioning 
discrimination phase consisted of three blocks. The test phase consisted of three blocks comprising a 
conditioning part followed by a generalization part. After each block, a 5-minute break was built in. In 
between blocks the US was recalibrated. US = unconditioned stimulus 
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Figure 2. Overview of trial structure. (A) Overview of a (conditioning) trial. A trial started with an ISI 
during which a startle probe (depicted by the sound icon) could be presented (14% of the trials). 
Next, the esophageal balloon was inflated for 250ms except for US-only trials. At the same time the 
rating scale appeared and subjects had to categorize their sensation using the following labels: Faint 
sensation – Sensation - Faint discomfort – Discomfort - Faint pain - Pain - Strong pain. 5.5s after the 
(potential) onset of the esophageal distension a startle probe could be presented (29% of the trials). 
After 6s the rating scale disappeared and in the case of a reinforced trial during test phase the US 
was presented. In the experimental group this was during a reinforced CS trial whereas for the 
control condition this was during a reinforced US-only trial. During US-only trials timings were 
identical except that no rating scale or visceral stimulus was presented (black screen only). This trial 
structure was identical during the determination of thresholds (except no startle probes were 
presented), the pre-conditioning discrimination phase and the test phase. (B) Relationship between 
the different perceptual thresholds and the CS and GSs. (C) Test phase. In the conditioning group, the 
CS (non-painful esophageal balloon distension) was paired with the US (painful electrical stimulus). In 
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the control group the US was presented during a black screen (US-only trials). ISI = Interstimulus 
interval, CS = conditioned stimulus, GS = generalization stimuli, PSI = poundforce per squared inch. 
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Figure 3. Example of a ROC curve. P(a) was calculated corresponding to the area under the Receiver 
Operating Characteristic (ROC) curve obtained by plotting cumulative response probabilities of a 
‘signal’ to a ‘noise’ stimulus. For each perceptual label of the categorical scale it plots the cumulative 
probability that this label was used for the signal relative to the cumulative probability that this label 
was used for the noise stimulus. Probabilities are plotted and calculated on a reversed order of the 
scale, starting from strong pain to faint sensation. Different ROC-curves are plotted (one for each 
GS). Note that as the distance between the GS and CS increases the area under the curve P(a) will 
increase. CS = conditioned stimulus, GS = generalization stimuli 
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Figure 4. Mean startle amplitudes for the two groups per stimulus per block. Note that for the test 
phase, startle amplitudes recorded during both generalization and conditioning were included. (A) 
Conditioning group. (B) Control group (US-only). Startle responses during US-only trials were 
combined with ISI responses. ISI = inter-stimulus interval, CS = conditioned stimulus, GS = 
generalization stimuli. Error bars represent standard errors of the mean. 
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Figure 5. Perceptual thresholds. (A) Thresholds for 1st sensation, 1st discomfort and 1st pain during 
pre-conditioning and post-conditioning determination of thresholds for both the conditioning group 
and (B) the control group (within-group planned contrast from pre to post-conditioning). GS = 
generalization stimuli. Error bars represent standard errors of the mean.  
 
 
  
